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Abstract
The R&D project H2STORE is part of the German program to reduce environmental pollution by energy production and in 
saving fossil natural resources. Thereby physico-chemical processes in the CO2-H2 system by organic and inorganic reactions 
receive increasing attention. In H2STORE siliciclastic reservoirs and their caprocks from 25 well sites in Germany and Austria 
are investigated by different analytical methods before and after H2/CO2 batch experiments under sample specific reservoir 
conditions (p, T, XFluid). Mineral dissolution, precipitation and their impact on reservoir quality (poro-perm, fluid pathways) and 
on the generation of methane by microbial metabolism triggered by CO2/H2 exposure are studied.
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1. Introduction
Fundamental research on the potential of hydrogen storage in (depleted) siliciclastic reservoirs was done in the 
70`s of the last century by [1,2,3], which presented first, partly theoretical considerations on this topic. However 
their studies were mainly based on single mineral phase analyses and experiments conducted at atmospheric pressure 
and room temperature, without taking into account the relevance of formation fluid composition and microorganism 
activity. In the twenty-first century, inspired by the increasing requirements to cease global climate change and to 
reduce greenhouse gas emission, the potential of energy storage in form of pure hydrogen or combined with carbon 
dioxide to generate green methane by the power to gas (P2G) technology received increasing interest [4,5,6]. In this 
context the potential effect of gas mixture behavior and microbiological activity [7,8,9] on hydrogen (-gas mixture) 
storage in siliciclastic reservoirs has to be considered.
The relevance of such processes are the main topics of the collaborative R&D project H2STORE (= hydrogen to 
store). This project investigates potential geohydraulic, petrophysical, mineralogical, microbiological and
geochemical interactions induced by hydrogen and hydrogen-carbon dioxide mixture storage in depleted gas 
reservoirs. Thereby reservoir sandstones and caprocks of six areas, comprising 25 well sites in Germany and Austria
(Fig. 1) are analyzed in respect to their reaction behavior under reservoir conditions with H2/CO2. The well sites are 
different in geological setting and burial history as well as in rock composition, associated formation fluids and thus 
in the environmental conditions for present biocenosis. Due to these various geological conditions, the most 
important German sandstone reservoirs are included in the H2STORE study and promises a broad scientific outcome
on the potential interactions of organic and inorganic components and their impact on reservoir quality, induced by 
gas injection in the underground
Fig 1 Location map of the sample sites and the stratigraphic underground distribution of potential reservoirs strata: green = Tertiary, blue = 
Triassic, red = Permian. The numbers in circles indicate the quantity of sampled well cores, the simplified outlined drill depths mark the tops of 
the stratigraphic units (modified after [10, 11]).
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2. Material and Methods
2.1. Material
From the 25 wells in total about 670 reservoir sandstone and (clay/silt-) caprock samples were taken for 
analytical work. After macroscopic sample selection 290 thin sections, 261 samples for geo- and hydrochemical 
analyses, 190 plugs for Routine (porosity and permeability determinations) and Special Core Analyses (SCAL) and 
18 cubes (1 cm³ in size) for high-resolution X-ray computer tomography (μ-CT) have been studied. The sample 
material originates from four wells of Permian (270 Ma) strata in Saxony-Anhalt; 15 wells of the Early Triassic (250
Ma), thereby ten of the wells are located in Lower Saxony and five in Thuringia; samples from three wells from the 
Late Triassic (225 Ma) of Brandenburg and three wells sampled from Tertiary (25 Ma) strata; one from Bavaria and 
two from Austria (Fig 1). The burial history and maximal depths attained during geological evolution of the 
different sample locations varies. In Saxony-Anhalt the maximal burial depths were about 4.0-8.0 km, in Thuringia 
and Lower Saxony ~ 2.8-1.8 km, which were most probably established during Triassic-Cretaceous and Neogene 
times and in Bavaria and Austria the present burial depths are up to 1.8 km [12]. Also the salinity of the formations 
fluids in these strata are variable, ranging from about 20-35 % salt content. In NE Germany the depositional 
environment during the Permian was characterized by continental basins with a central Playa plain at (semi-) arid 
conditions. During the Buntsandstein (Early Triassic) lagoon-like to deltaic, costal and shallow marine conditions 
are dominant NW Germany, which changes to more continental, braided river systems and aeolian dune deposits in 
the central parts of Germany. The Tertiary samples from the foreland and intramontanic basins of the Alps in 
Bavaria and Austria are sediments, deposited as alluvial and debris fans as well as glacial lake deposits. The 
lithofacial structures of the studied reservoir specimen varies from fine pine stripe, massive, laminated and cross 
bedded sandstone facies, whereas the caprocks are dominated by fine laminated siltstones and clays (cp. fig. 2).
Fig 2 Lithofacies classification of the NE-German Permian (left) and the Central German Buntsandstein samples (right).
(SM = massive sandstone; Sl = laminated sandstone; Sx = cross bedded sandstone; Sh – horizontal stratified sandstone; Sw = wavelike stratified 
sandstone; Sr = sedimentary ripple; Ss = planar stratified sandstone; Fl = laminated siltstone).
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2.2. Methods
The work flow scheme from reservoir (macro-) to pore space (sub-micro) scale and the schedule for sample 
selection for planned analytical methods is given in figure 3. From the homogeneous sandstone cores, plugs were 
drilled and used for the outlined analytical methods. 
Polarized light microscopy was carried out on thin sections with a Zeiss Axioplan II microscope using 
magnifications up to 400 times. The pore space of the rocks was dyed with blue resin. This method was used for the 
petrographic record on 300 grains per thin section, in combination with a Hitachi HV-C20 digital camera and the 
software AxioVision Rel. 4.8 for 2D image analysis of the pore space and the determination of grain sizes on
randomly selected 100 grains. The image analyses of the pore space was carried out after [13] on 20 thin section 
images with a 50x magnification, recorded in equal intervals across each thin section. 
Field emission scanning electron microscopy (FE-SEM) and Energy dispersive X-ray spectroscopy (EDX) was 
performed with thin sections and crushed sample material by an SMT ULTRA plus, field emission scanning 
electron microscope of Carl Zeiss enterprises, coupled with an EDX-detector and the analytical software of Bruker 
AXS Microanalysis GmbH.
For the electron microprobe analysis (EMS) a JXA-8230 EMS with five wavelength-dispersive X-ray (WDX)
spectrometer, EDX (SDD), secondary electrons (SE)-, backscattered electrons (BSE)- and cathodoluminescence
(CL)- detectors coupled with an optical microscope, of JEOL, was used to characterize mineral phases in sandstone 
thin sections.
For the quantification and qualification of the morphology/topology of mineral surfaces, thin sections and plain 
crushed sample surfaces were analyzed by atomic force microscopy (AFM) with a MultiMode AFM with nanoscope 
III controller of Veeco.
X-ray diffractometric methods (XRD) using a D8 Advance and the software Diffrac.Evaluation of Brucker AXS 
GmbH was utilized to characterize clay mineral phases, especially those within the caprock samples.
The whole rock geochemistry on powdered siliciclastic samples and caprocks was determined with a Quadrupol
ICP-MS X Series II inductively coupled plasma mass spectrometer (ICP-MS) of ThermoFisher Scientific enterprises 
and the -725 OES inductively coupled optical emission spectroscopy (ICP-OES) of Varian. The X-ray fluorescence 
spectroscopy (XRF) for the determination of main and trace elements was carried out with a PW2400 X-ray 
fluorescence spectrometer of Philips.
In addition to the 2D pore space analyses by polarized light microscopy, the pore space in 3D at μm-scale of
sandstone sample cubes (with an edge length of 1 cm) was analyzed with the high-resolution X-ray computer
tomography (μCT). A Procon CT - Alpha 160 of the Johannes Gutenberg-University Mainz was used for these
measurements. For the analyses and segmentation of the generated data the software Avizo™ 7 fire was applied.
The modelling and simulation of porosity, flow fields and effective diffusivity was carried out with the software 
GeoDict™ and the module FlowDict™ of Math2Market.
Additionally on crushed sandstone sample fragments and on clay fractions of selected samples the specific inner 
surface area (BET) after [14] was determined at the Technical University Munich.
The experimental batch runs were executed at the Clausthal University of Technology in hydrogen/carbon 
dioxide-rock-formation brine systems in high pressure high temperature (HPHT) autoclaves on thin sections and 
plug samples, about 3-5 cm in length. Routine- and SCAL-experimental series to identify alteration of fluid 
transport and barrier properties were conducted on the plugs before and after the experiments.
All analytical steps have been accomplished before and after these CO2 and H2 saturated autoclave experiments 
under reservoir conditions (specific reservoir pressure, temperature, and formation fluid composition). Thereby,
especially the analyses for the routine and SCAL series, μ-CT, BET and AFM, SEM, EMS (for selected thin 
section) were carried out on the exactly same sample and analytical conditions, to enable a direct evaluation of any 
CO2/H2 influenced petrological/geochemical/petrophysical change.
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Fig. 3 Schematic illustration of the downscaling objectives for the H2STORE project (left) and the schematic sample handling. From the 
homogeneous sandstone cores plugs were drilled (right), which were used for further sample preparation adequate to the demands for the outlined 
analytical methods. (Abbreviations: for figure right see text above, except: VSI = Vertical scanning interferometry, IRS = Infrared spectroscopy,
CSLM – Confocal laser scanning microscopy).
3. Results
The petrographic and geochemical classifications of the studied sandstones confirm a wide range in composition
(Fig. 4). Subarkoses and Arkoses are most common in Permian and Triassic (Central Germany) sandstones, whereas
Triassic sandstones of NW Germany are commonly (Lithic-) Subarkoses and Sublitharenites. The sandstones of the 
Late Triassic are mainly Lithic Arkoses and Feldspathic Litharenites and the samples of the Tertiary are classified as 
(Feldspathic-) Litharenites and Sublitharenites.
Fig. 4 Geochemical sandstone classification (left) after [15] and petrographic sandstone classification (right) after [16].
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The X-ray diffraction data of the analyzed mudstones from the Triassic (NW-Germany) samples indicate that 
these potential caprock are composed of chlorite, illite and kaolinite. In the Permian reservoir sandstones chlorite 
and illite are the common clay mineral phases, present as rims coating detrital clasts and authigenic phases. These 
authigenic, diagentically formed clays, especially chlorite, are present as different morphological types: occurring as 
single fibres, which sometimes extend into the pore space, as fan-shaped aggregates, which partly to totally fill the 
pore space and form pore bridging meshwork like assemblages. The major pore filling blocky cement minerals are 
carbonate, anhydrite, quartz and feldspar [12]. 
Prior and after the CO2 autoclave batch experiments cubes of 1 cm³ in size were analyzed by μ-CT. Results of the 
data evaluation of the exact same sample with identical scanning orientation before and after these experiments are
shown in figure 5. In the figure right-above, which was taken before the runs, pore filling carbonate cement (in light 
grey) is concentrated in the left bottom of the image, whereas after the runs the abundance of carbonate is decreased 
and is replaced by black color, which is typical for pores (figure right below). This comparison confirms an increase 
in pore space/rock porosity at the expense of carbonate cement, which was dissolved in the autoclave runs.
Fig 5 The μ-CT reconstruction of a Permian sandstone sample cube (1 cm in edge length) is shown. The images on the right side highlight the 
evolution of an area before (top) and after (bottom) the CO2 autoclave batch experiments, executed under reservoir conditions (120 °C, 20 MPa 
pressure, formation fluid with 35 % salinity). Here a lack/decrease of carbonate (light grey) and an increase of pore space (black) at the left edge 
of the sample is developed after the lab run (bottom).
This observation is also confirmed by FE-SEM analyses on thin sections of Permian sandstones, which were 
included in the batch experiments. Here the comparison of selected areas clearly proves the dissolution of pore 
filling calcite cement, which led to the formation of pores within the sample (Fig. 6). Moreover, this process results 
in the exposure of grain coating clay minerals (chlorite, illite), which were armored by the carbonate before the runs.
The exposure of these clay minerals explains the increase in rock reactivity, determined by BET and expressed as 
specific surface area in figure 7. Anhydrite is another common blocky cement in the analyzed samples and exhibit 
similar reaction behavior like carbonate after the CO2 experiment runs. 
The pre-experimental permeability- and porosity results are plotted in figure 8. In the legend the stratigraphic 
subdivision for the samples is given to highlight the importance of their strata related origin on reservoir quality. 
However, despite these differences laminated and massive sandstones from all stratigraphic units displays the best 
reservoir qualities (highest porosity and permeability).
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Fig 6 FE-SEM (secondary electron) images of a thin section sample, which is showing the alteration of carbonate. At the same sample position 
carbonate is filling the pore before the runs (left), but after the experiments (right) carbonate is missing and a open pore is developed.
Fig 7 BET analyses confirm an increase of the specific surface area in Permian samples after the CO2 autoclave batch experiments.
The μ-CT analyses and its data processing enable fluid flow simulations and the visualization of fluid flow 
pathways in the sandstone cubes (Fig. 9). These pre- and post H2 and CO2 experimental simulations and the thereby 
realized sandstone alteration will help to understand and determine the influence of CO2 and H2 on the reservoir 
rocks. The presented results in this contribution are mainly based on studies of CO2-brine-rock reactions achieved 
by static batch experiments. Most recently these samples were exposed to hydrogen in similar runs to evaluate 
potential further rock alteration induced by hydrogen.
 Steven Henkel et al. /  Energy Procedia  63 ( 2014 )  8026 – 8035 8033
Fig 8 He-porosity and permeability behavior of selected samples subdivided due to their different stratigraphic position (left). The decrease of 
Calcium content is related to an increase in permeability after CO2 experiments, due to carbonate (and anhydrite) dissolution [17].
Fig 9 The figure shows fluid flow simulations with FlowDict© by the reconstruction and segmentation of the pore space (in grey) with Avizo© of 
the μ-CT data. Thereby strata related differences in fluid flow velocities are also realized even at < μm scale. The image proves a sequence of
most impermeable layers with those of low to moderate fluid flow velocities (blue and green colors). The fluid flow pathways are predetermined 
by sediment bedding. Thereby the most dense parts are characterized by high contents of pore filling blocky cements as well as clay mineral 
fines.
Very first, only preliminary investigations on these samples, suggest that some mineral reaction was induced by 
the hydrogen exposure. This is deduced from observations of the used fluids, which shows a change in colors and 
solid content. Before the runs these synthetic formation fluids are colorless and transparent without any solids, but 
after the experiments the fluids exhibit brownish colors due to the presence of < μm sized solids (Fig. 10).
8034   Steven Henkel et al. /  Energy Procedia  63 ( 2014 )  8026 – 8035 
Fig 10 Brine samples from autoclave experiments with Permian samples under reservoir conditions (120 °C, 20 MPa, 35 % salinity) exposed to 
H2. The formerly transparent fluid changed into brownish color due to < μm sized solids, which coagulated after a short time after the runs (left).
4. Discussion
This contribution confirms former experimental studies [18], which proposed different rates and types of 
dissolution features of pore-filling carbonate minerals exposed to CO2-bearing brines during experimental runs. Due 
to these carbonate (anhydrite) dissolution processes, the reservoir quality of the underground during carbon dioxide 
injection will change (cp. figs. 5, 6, 7, 8) - as it is most likely in the case of hydrogen exposure. The wide differences 
in sample composition representing the most important siliciclastic reservoirs in Germany, allows the comparison of 
most likely reactions induced by the injection of H2, CO2 and their mixtures in the geological underground. The 
dissolution of pore filling carbonate and anhydrite will create new pore space and will increase pore space 
connectivity (Figs. 5, 6), which results in new fluid pathways (cp. figs. 8, 9). By these reactions mineral phases,
which formerly were isolated by these blocky cements can interact with the migrating fluids. As assumed by many 
authors before iron can form an important reaction partner for hydrogen in the underground [19, 20]. Especially the 
clay mineral phase chlorite, which is common in the Permian samples, contains up to 45 wt.-% of iron oxides. In the 
framework of the H2STORE project also batch experiments were conducted at reservoir conditions, in which 
sandstone samples were exposed to synthetic brines with only low contents of added hydrogen (~ 3 %), but enriched 
in microorganisms. First, only very preliminary data from the still ongoing research suggest that any indications of 
organic – inorganic interactions in these runs are missing. This may suggest that such reactions in the geological 
underground will ask for much higher contents in hydrogen (and/or CO2), than used in these runs. Planned further 
experiments will be performed by such higher hydrogen content to verify this assumption.
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